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Growing demands for integrated 6G applications expose in-
formation barriers in isolated networks, driving academic
and industrial interest in distributed satellite information
networks (DSIN), particularly in cohesive clustered satel-
lite (CCS) architectures [1,2]. Within the CCS frame-
work, waveform design serves as a critical enabler that not
only establishes fundamental physical-layer functionalities
but also facilitates advanced cooperative mechanisms. Or-
thogonal frequency division multiplexing (OFDM) performs
effectively in terrestrial networks (TN) by leveraging multi-
path diversity in time-invariant multipath channels. How-
ever, this advantage diminishes in CCS systems, as OFDM
cannot concurrently compensate for diverse Doppler shifts
originating from multiple satellites.
only constrains its applicability to omnidirectional antenna-
based handheld terminals but also necessitates parallel ra-
dio frequency (RF) processing capabilities for very small
aperture terminal (VSAT) platforms. Recently, emerging
waveform architectures, particularly orthogonal time fre-
quency space (OTFS) and affine frequency division mul-
tiplexing (AFDM), have developed specialized capabilities
to characterize Doppler delay (DD) spread features [3,4].
Their potential in TN with abundant multipath components
aligns with the requirements for waveform cooperation in
CCS systems, enabling full exploitation of diversity gains
embedded in artificially constructed doubly selective chan-
nels. This study demonstrates that CCS waveform coopera-
tion effectively improves downlink bit error rate (BER) per-
formance while operating under frame-level synchronization
constraints, thereby establishing itself as a robust commu-
nication enhancement strategy for equipment with mobility,
especially handheld terminals with omnidirectional anten-
nas.

This limitation not

Channel diversity based on waveform cooperation. The
novel waveform designs fundamentally require near-constant
propagation delay and Doppler shift throughout the frame
duration to maintain operational effectiveness. While this
quasi-static channel condition remains valid for TN, its ap-
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plicability in low-earth orbit (LEO) satellite communication
(SatCom) requires re-evaluation due to the rapid fluctua-
tions in both relative velocity and distance.

Consider a two-dimensional geometry where the receiver
is stationary at Rgp®, where Rr denotes Earth’s radius and
@ is the unit vector along the orbital plane’s z-axis. Simulta-
neously, the satellite’s position varies with time as Rgel“!,
where Rg is the orbital radius and w represents the angu-
lar velocity. The derivatives of the fading parameters are
derived as follows:
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where 7(t) denotes the transmission delay, v, (t) represents
the relative velocity, ¢(t) denotes the elevation angle, u(t) =
\/R%. + R% — 2Rgs RE cos(wt), and c is the speed of light, re-
spectively. Building on this, for a system operating at carrier
frequency f. = 20 GHz, the order of magnitude of variation
over a frame duration of Tiame = 1073 s remains bounded:
the Doppler shift variation Av stays below 10 Hz; the delay
variation A7 remains under 10~8s; and the elevation an-
gle variation Ay is less than 10~% degrees. Consequently,
the fading parameters exhibit quasi-static behavior within
a frame, validating the prerequisite conditions for waveform
cooperation (see Appendix A for detailed derivations of the
formulas and supplementary visual data).

CCS systems deliver services through coordinated satel-
lites, inherently confronting time-frequency (TF) synchro-
nization challenges, which can result in severe performance
degradation [5]. Nevertheless, waveform cooperation ex-
hibits strong robustness against such synchronization in-
accuracy. The signal relationship under quasi-static nar-
rowband fading with synchronization time offset (STO) and
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(Color online) (a) Impact of STO and SFO on channel diversity in a 2-SAT waveform cooperation CCS system;

(b) performance gain of CCS waveform cooperation with ideal CSI, linear minimum mean squared error (LMMSE) equalization,
and quadrature phase shift keying (QPSK), with paths per satellite P, = 2, data length L = 1024 (OTFS operates at a size of

delay grids D = 32 and Doppler grids V = 32).

synchronization frequency offset (SFO) satisfies

N Py
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where N denotes the total number of satellites, P, repre-
sents the number of multipath components generated by the
n-th satellite, To, ,, and fo,, denote the STO and SFO of the
n-th satellite, respectively. Additionally, the ¢-th multipath
component from the n-th satellite experiences a delay of 7, ;
and a Doppler shift of fp , ;. As shown in Figure 1(a), mul-
tipath components of satellite-II simply undergo identical
shifts equivalent to the STO and SFO values. As long as
the shifted paths can be properly received, the waveform-
cooperation system maintains channel diversity.

Experiment and analysis. Waveform cooperation of-
fers two key benefits: it enhances the signal-to-noise ratio
(SNR) and, more critically, achieves substantial diversity
gain through specialized channel diversity mechanisms, as
shown by the improved BER performance in Figure 1(b).

Initially, in a 1-satellite (1-SAT) configuration with lim-
ited channel diversity, all waveforms demonstrate compa-
rable performance. In contrast, multi-satellite configura-
tions achieve significant performance enhancement, owing
to the combined benefits of SNR gain and substantial chan-
nel diversity gain. With the BER performance of OFDM at
E,/No = 20 dB in the 1-SAT configuration as the baseline,
the 2-satellite (2-SAT) scenario achieves total SNR gains of
6.1 dB for OFDM and 8.1 dB for OTFS/AFDM, demon-
strating an additional 2 dB additional diversity gain. More-
over, the performance gap further widens in the 3-satellite
(3-SAT) configuration, where OFDM and OTFS/AFDM at-
tain 8.3 and 11.1 dB performance gain respectively over the
1-SAT baseline, corresponding to an additional 2.8 dB di-
versity gain.

These simulation results demonstrate the effectiveness of
waveform cooperation, confirming that this approach en-
ables all waveforms to attain additional diversity gains. Par-
ticularly, OTFS and AFDM achieve remarkable performance
gains over OFDM in waveform cooperation, as they fully
leverage the diversity offered by the CCS channel. There-
fore, we advocate for adopting novel waveform designs with
inherent delay and Doppler resolution capabilities in CCS
systems to fully unlock the potential of waveform coopera-
tion.

Conclusion and future work.
waveform cooperation demonstrates significant potential for
enhancing BER performance through the effective utiliza-
tion of channel diversity. Our future studies will focus on
conducting comprehensive joint waveform-channel analyses.

In conclusion, strategic
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